Fluorescence correlation spectroscopy (FCS) allows the study of molecular dynamics in solutions and cells[@b1][@b2][@b3] while changing the translational diffusion properties of the molecule. Theoretically, according to the Einstein--Stokes equation, rotational diffusion is more sensitive than translational diffusion to changes in the molecular size and interactions. Thus, rotational diffusion measurement is expected to be more sensitive for small changes of molecular size, such as molecular oligomerization and formation of ultrasmall aggregates. Rotational diffusion of fluorophores can be quantified in the FCS using polarized continuous excitation light[@b4][@b5]. However, owing to several technical limitations, the rotational diffusion of proteins has not been measured using FCS. Previous reports showed that by using pol-FCS, rotational diffusion can be clearly observed in the case of peptide-coated nanorods[@b6], Qrod[@b7], gold nanorods[@b8][@b9][@b10], quantum dots[@b6], DNA-DAPI[@b11], and large polymers[@b12]. Further, a positive relationship between translational and rotational diffusion was observed in the viscosity change of a solvent[@b13]. These studies were performed using molecules that are much larger and brighter than bio-molecules. Other measurement methods of molecular rotational diffusion, such as using nuclear magnetic resonance (NMR)[@b14], single molecule method[@b15], and time-dependent fluorescence anisotropy decay method[@b16], have difficulties of measurement in the case of living cells. The measurement of rotational diffusion in a living cell requires the utilization of at least one fluorescent protein.

Previously, the diffusion of fluorescent proteins has been studied using several methods. For example, fluorescent recovery after photobleaching (FRAP) is a popular method that provides properties of the translational diffusion of fluorescent molecules in cells. However, the FRAP diffusion measurement provides only the effective translational diffusion coefficient under the influence of a barrier structure of surrounding environment, such as cytoskeleton and organelle, because of its relatively wider measurement area of photobleaching. In other words, the FRAP measurement is basically effected by the barriers in the surrounding environment. Thus, it is difficult to estimate the molecular size or formation change using FRAP measurements. To measure the molecular size correctly, rotational diffusion is one of the best approaches. Theoretically, rotational diffusion is not affected by the surrounding barrier structure. In the case of a probe size smaller than the surrounding environment, rotational diffusion is generally much faster than translational diffusion.

Time-resolved fluorescence methods are also powerful tools to study the dynamics and rotational diffusion of fluorescent proteins. However, these methods do not provide translational diffusion properties. In contrast, the pol-FCS method determines both the rotational and translational diffusion coefficients. The distance of translational diffusion and the collisional probability of the molecule are very low in its rotational diffusion relaxation time. Thus, we simultaneously obtain short and long distance spatial information. This means that pol-FCS can simultaneously provide the molecular diffusion properties in nano- and microenvironments using rotational and translational diffusions, respectively. The measured translational diffusion coefficient reflects the microenvironment properties that are defined by the measurement volume. These properties should be the same as in the nanoenvironment as long as the measurement volume is much smaller than the barrier structure. However, some works reported that biomolecules in cells showed anomalous diffusion due to the barrier structure according to FCS measurements. The pol-FCS has the potential to study the diffusional barrier structure in the surrounding environment by comparing the rotational diffusion in nanoenvironment and the translational diffusion in the microenvironment. In this study, rotational and translational diffusions of enhanced green fluorescent proteins (EGFPs) and EGFP tandem-oligomer were measured. We succeeded in the determination of molecular sizes both in phosphate buffered saline (PBS) and also in living cells by using pol-FCS. Furthermore, we found the possibility that the orientation of each EGFP in EGFP tandem-oligomers can be analyzed using pol-FCS.

Results and Discussion
======================

Our newly developed pol-FCS instrument ([Fig. 1a](#f1){ref-type="fig"}) and the global fitting of relaxation time of the triplet state allow the observation of rotational diffusion properties of EGFPs with a clear dependence on solution viscosity. The pol-FCS contains two avalanche photodiodes (APDs) to avoid after-pulses and obtain specific polarization signals ([Fig. 1a](#f1){ref-type="fig"}, [Supplementary Note 1](#S1){ref-type="supplementary-material"}, [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). This system was well applied to the living cell system.

Rotational diffusion measurement of EGFP in solution
----------------------------------------------------

First, the pol-FCS measurement was performed to quantify the rotational diffusion time of EGFPs *in vitro*. Using our pol-FCS system, a polarization-dependent component (rotational diffusion) was observed in the time region of 10^−8^ s-10^−7^ s ([Fig. 1b](#f1){ref-type="fig"}) under the X-XX and X-NN optical conditions. X-NN indicates that the excitation laser light is polarized in the X-direction. Thus, "N" means unpolarized: there are no polarization optical elements in the detection side. Alignments (1) X-XX and (2) X-YY (see [Fig. 1a](#f1){ref-type="fig"}, inset table) can be used to reduce after-pulse and obtain the same direction of signals (rotation diffusion fraction positive+). On the other hand, alignment (3) X-XY can be used to reduce after-pulse and measure the opposite-correlated detection of signals (rotation diffusion fraction negative-). As for the X-XX cross-correlation function (CCF), each detector discovered the same rotational tendency of signals from the EGFPs fluorescence. Thus, the fraction of rotational diffusion (*f*~*R*~) is positive ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). The triplet time (*τ*~T~) of EGFPs was measured to be 1.24 μs using Confocor 3 (Carl Zeiss, Jena, Germany) ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"}, [Supplementary Note 2](#S1){ref-type="supplementary-material"}). The triplet time was fixed to 1.24 μs in the fitting analysis. Four different optical conditions of the CCF curves were fitted ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}) using the global fitting function of OriginPro 2015 (OriginLab Co., USA), with the same rotational diffusion time that is independent of the optical condition. [Supplementary Fig. 4a](#S1){ref-type="supplementary-material"} shows a typical fitting result. The relaxation time of rotational diffusion was calculated as 38 ns in all CCFs using the fitting in [Eq. 2](#eq10){ref-type="disp-formula"}. This result is similar to the previous time obtained by time-dependent fluorescence anisotropy decay as 13.8 ± 0.1 ns in a free solution[@b17]. A difference between this result and previous results may be affected by the different buffer condition. In the case of X-NN, a positive rotational diffusion component was observed as shown in [Supplementary Fig 4b](#S1){ref-type="supplementary-material"}. This might be because nonpolarized fluorescence contained a large fraction of *x*-polarized fluorescence and a small fraction of *y*-polarized fluorescence. Regarding X-XY, the fraction of rotational diffusion is small due to a negative rotational correlation between the two signals.

Next, the viscosity dependence of rotational diffusion time of EGFPs was confirmed. The rotational diffusion time of fluorescent molecules is theoretically proportional to the viscosity of a solvent ([Equation 7](#eq10){ref-type="disp-formula"}). These experiments were performed independently three times using each sample. The averaged CCFs from the three experiments under the X-XX condition are shown in [Fig. 1c](#f1){ref-type="fig"}. The viscosity-dependent change of rotational diffusion was clearly observed. This result showed that both translational and rotational diffusion times increased with the viscosity of the solvent according to the theory of rotational diffusion[@b4][@b5] ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}). While the X-XX case shows a high fraction of rotational diffusion as shown in [Fig. 1d](#f1){ref-type="fig"}, in the X-XY case the amplitude of rotational diffusion is small ([Fig. 1d](#f1){ref-type="fig"}). Using the triplet time fixed nonlinear curve-fitting analysis, the translational and rotational diffusion coefficients were obtained using [Eqs 5 and 6](#eq10){ref-type="disp-formula"} to estimate the hydrodynamic radius (*r*) of the EGFP from pol-FCS results[@b5]. [Figure 1e](#f1){ref-type="fig"} shows the rotational diffusion coefficient as a function of the translational diffusion coefficient in varying viscosity ([Fig. 1c](#f1){ref-type="fig"}). Using linear fitting analysis, the slope *D*~*R*~*/D*~*T*~ was obtained as 4.88 × 10^16^ m^−2^. Substituting this slope, the hydrodynamic radius was calculated as 3.9 nm ([Equation 10](#eq11){ref-type="disp-formula"}). This indicates that EGFPs diffuse in a way that their molecular sizes are bigger than their real size, but are consistent with the results of measurements performed using X-ray crystallography[@b18].

Rotational diffusion measurement of EGFP oligomer in solution and cell
----------------------------------------------------------------------

The EGFP tandem-oligomers were measured to investigate the effect of changing the molecular size in rotational diffusion. If the molecular shape can be assumed as spherical, the change of rotational diffusion coefficient (∝*r*^−3^) has a higher sensitivity to the change of their hydrodynamic radius than that of translational diffusion coefficient (∝*r*^−1^) ([Equations 6](#eq10){ref-type="disp-formula"} and [7](#eq10){ref-type="disp-formula"}). The plasmids of EGFP tandem-oligomers[@b19][@b20] were modified in a flexible linker (FL) with a lack of initial methionine in the sequence of EGFPs (ΔMet), and they were used to confirm this theory ([Fig. 2a](#f2){ref-type="fig"}). Typical results of normalized CCF in X-XX are shown in [Fig. 2b](#f2){ref-type="fig"}. Clear CCFs were observed in all cases. The fitted translational diffusion time, rotational diffusion time, and fraction of rotational diffusion are shown in [Fig. 2c--e](#f2){ref-type="fig"}. Each triplet time was fixed to the measured value ([Supplementary Fig. 6](#S1){ref-type="supplementary-material"}). There may be circumstances where the EGFPs in tandem-oligomers were not fluorescent by intermolecular quenching or misfolding. For this reason, the molecular brightness did not linearly increase with the increase of the EGFPs size ([Supplementary Fig. 7](#S1){ref-type="supplementary-material"}). However, in the FCS case, single tandem-oligomer acts as the only single molecule; thus, these effects should not affect the results of translational and rotational diffusion times. Translational diffusion time gradually increased with molecular size ([Fig. 2c](#f2){ref-type="fig"}). On the other hand, rotational diffusion time did not show this clear tendency ([Fig. 2d](#f2){ref-type="fig"}). This result implies that the shape of the EGFP oligomers was not spherical. In [Fig. 2e](#f2){ref-type="fig"}, the fraction of rotational diffusion also showed dependence on the oligomer size. A greater oligomer number of EGFPs (4 or 5-mer) shows a lower fraction of rotational diffusion when compared to a smaller number (1 or 2-mer). To investigate the orientation of fluorophores in multimeric fluorescent molecules, here we define the orientational parameter OP as:

where is the unit vector in the transition dipole direction of the n-th fluorophore in the multimer. The orientational parameter represents the degree of anisotropy in the transition dipoles; it will be equal to 1 if all dipoles in the fluorescent multimer are oriented in the same direction. On the other hand, the parameter will be equal to 0 if all the dipole combinations are orthogonal to each other.

[Figure 2f](#f2){ref-type="fig"} shows the orientational parameter dependence on the fraction of rotational diffusion obtained by Monte Carlo simulations. Details of the numerical simulations are described in [Supplementary Note 3](#S1){ref-type="supplementary-material"}. The fraction of rotational diffusion in the pol-FCS measurements of multimeric fluorescent molecules positively correlates with the orientation of fluorophores. This is observed because the fractions of rotational diffusion decreased when the number of fluorophores in the multimer was increased, as shown in [Fig. 2e](#f2){ref-type="fig"}. This can be attributed to the decrease of orientation when the number of fluorophores is increased as shown in [Fig. 2f](#f2){ref-type="fig"} (inset). Moreover, the intermolecular quenching and misfolding of the EGFPs may increase the fraction of rotational diffusion.

To demonstrate that the system allows the measurement of rotational diffusion in a cell, pol-FCS measurements were performed in a living cell. Culture cells (COS-7) expressing monomer EGFPs and pentamer EGFPs were prepared ([Fig. 2g](#f2){ref-type="fig"}); then, pol-FCS measurements (X-XX) were performed using them. [Figure 2h,i](#f2){ref-type="fig"} indicate that the translational and rotational diffusion times are longer than those for the cell lysate. In the case of cells, the same tendency of increase in rotational and translational diffusion times is shown as for lysate. *f*~*R*~ increased at pentamer EGFP in cytoplasm ([Supplementary Fig. 8](#S1){ref-type="supplementary-material"}); however, it was not observed in the monomer EGFP case.

Conclusion
==========

In solution measurements of EGFPs, molecular rotational diffusion was clearly observed and it slowed as the viscosity was increased by adding glycerol. From this result, the molecular hydrodynamic radius of EGFP was accurately estimated using the Einstein-Stokes equation. Furthermore, the molecular size-dependency of the EGFP tandem-oligomer translational and rotational diffusion was simultaneously observed using pol-FCS.

Our experimental and simulation results show that the fraction of rotational diffusion reflects the orientation degree of multimeric fluorophores. This orientational information of fluorophore is not easily detected by any other method without fluorescence. It is one of the advantages of the pol-FCS method. We expect that pol-FCS can be applied to study the orientation of multimerized or aggregate-prone proteins such as amyloid beta, which is related to Alzheimer's disease. In its initial aggregation process, it was pointed out that the orientation of ordered aggregates presumably has an important role in their toxicity and dynamics[@b21]. However, there are no clear evidences of proofing this concept in living cells. The pol-FCS method can be easily applied to study this.

In cell measurements, translational and rotational diffusion became slower than those in free solutions with the same ratio. If the cellular cytoskeleton is affecting the diffusion, then translational diffusion should become much slower when compared to rotational diffusion. Our results indicate that the EGFPs molecules were freely diffusing in COS-7 cells and the cytoskeleton structure was larger than the observation volume of pol-FCS. Thus, this method may be appropriate to measure tiny areas such as the nanoenvironment of cells. In COS-7, the viscosities of nano- and microenvironments were the same. However, the inner structure (or nanoenvironment) of the cell would be different according to the cell line, cell type, and/or cell cycle. A detailed analysis of changing the inner environment, such as molecular crowding in cell development, will be addressed in a future study. Previous studies indicate that there are some factors in FCS results due to cellular anomalous diffusion in conventional systems[@b22][@b23]. Nevertheless, pol-FCS is able to clarify the properties of anomalous diffusion in nano- and microenvironment within the tiny observation area.

Compared to time-resolved fluorescent anisotropy decay methods and single molecule tracking methods, pol-FCS is relatively convenient and suitable for living cells. It might open a new horizon in the fields of rotational dynamics of biomolecules in solutions and cells.

Method
======

EGFP purification from *Escherichia coli*
-----------------------------------------

An *Escherichia coli* BL21 (DE3) was transformed using the plasmid encoded his-tag and EGFPs (pRSET-EGFP). Transformant BL21 was cultured by shaking at a temperature of 27 °C for 20 h with 0.5 mM IPTG. The lysate was extracted using sonication in ice, and recovered using centrifugation at 4 °C. Subsequently, the lysate was purified using HPLC (AKTA, GE Healthcare, USA) with a Ni affinity column (HisTrap HP, GE Healthcare, USA). Concentration of purified EGFPs was quantified by FCS using ConfoCor 3. Purified EGFPs were diluted in the PBS buffer: 170 mM NaCl, 27 mM KCl, 81 mM Na~2~HPO~4~, 14.7 mM KH~2~PO~4~.

Plasmid construction
--------------------

The plasmids encoded FL-linked EGFP tandem-oligomers ([Fig. 2a](#f2){ref-type="fig"}) for expression in mammalian cells and were constructed as follows. First, an EGFP dimer linked using an FL (EGFP-FL-ΔMet-EGFP) was constructed by inserting PCR products coding FL-ΔMet-EGFP (FL-ΔMet-EGFP) into a modified EGFP-C1 vector. ΔMet-EGFP indicates that the first methionine of EGFPs is removed. In this step, the length of the FL was 27 amino acids, and its sequence was GGGGGSGGGGGSGGGGGSGGGGSGGGS. Subsequently, an EGFP trimer with FLs (EGFP-FL-ΔMet-EGFP-FL-ΔMet-EGFP) was constructed by inserting a part of FL-ΔMet-EGFP into EGFP-FL-ΔMet-EGFP. By repeating this insertion, an EGFP tetramer and pentamer with FLs were constructed. These constructed plasmids contained a multi-cloning site to insert the interested protein into the C-terminal of EGFP oligomers.

Transfection and preparation of the lysate of mammalian cells
-------------------------------------------------------------

COS-7 cells (5 × 10^5^ cells) were transfected using 1.0 μg plasmids EGFP-C1 and FL-linked EGFP tandem-oligomers (2--5 mer) through Lipofectamine 2000 (Life technologies, USA). The cells were incubated at a temperature of 37 °C with 5% CO~2~. After transfection for 24 h, the cells were scraped and collected into microtubes using centrifugation. Cells were lysed in CelLytic M cell lysis reagent (Sigma-Aldrich, USA). Cell lysates were recovered using centrifugation at two times (3,300× g for 15 min and 90,000× g for 15 min) at a temperature of 4 °C. The concentration of EGFP oligomers in the lysates was determined using FCS measurements, using a 10-time dilution through CelLytic M cell lysis reagent.

Nonlinear curve fitting
-----------------------

The theoretical equation was fitted to the obtained correlation functions using the nonlinear curve fitting function of OriginPro 2015 (OriginLab Corp., USA).

Experimental setup
------------------

Experimental setup of the pol-FCS system is shown in [Fig. 1a](#f1){ref-type="fig"}. The *z*-axis represents the optical axis and its perpendicular plane is the *x-y* plane. An Ar^+^ laser (IMA101020BOS, Melles Griot, USA) with a wavelength of 488 nm was used as the excitation light for the EGFPs and EGFP tandem-oligomers. The laser light collimated and polarized in the *x*-direction using a polarizer was guided to the light source port for epi-illumination of a fluorescence microscope (Axioplan2, Carl Zeiss, Germany). The guided excitation light was reflected by a dichroic mirror (FT510, Carl Zeiss, Germany) towards the fluorescent solution samples and focused by an objective lens (C-Apochromat 40x, numerical aperture = 1.2, water immersion, Carl Zeiss, Germany). The laser power was 11 μW in the focal plane of the objective lens. Emitted fluorescent light was collected using the same objective lens and passed through an emission filter (BLP01-488R-25, Semrock, USA) and an analyzer. Fluorescent light was divided into two directions using a beam splitter. Fluorescent light was coupled with multimode optical fibers (with a core diameter of 62.5 μm), and its end face worked as a pinhole for the confocal detection of fluorescent light. The two autocorrelation functions (ACFs) and the CCF were calculated from two fluorescence signals detected through APD1 and APD2 (SPCM-CD3017, PerkinElmer, USA) using a digital correlator (ALV-5000E/FAST, ALV-GmbH, Germany). The measurement with a duration of 30 s was repeated 10 times. The averaged auto- and CCFs were obtained. Initially, the calibration of the measurement system was performed using rhodamine 6G as a standard fluorophore ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}).

In the pol-FCS system, four different measurement configurations of polarization can be obtained, as represented by the three letters (X, Y, N) shown in [Table 1](#t1){ref-type="table"}. For example, "X-XX" and "X-NN." X, Y, and N means polarization in the X-direction, polarization in the Y-direction, and not polarized, respectively. The first letter of the polarization configuration indicates polarization direction of the excitation laser. The second and third letters of the polarization state means polarization directions of the fluorescent light detected using APD1 (CH. 0) and APD2 (CH. 1), respectively. The CCF of the fluorescence intensities of signals detected using APD1 and APD2 *G*~1,2~(*τ*) is derived as follows:

where *τ* is the delay time and *I*~1~, *I*~2~ are the fluorescent intensities detected using APD1 and APD2, respectively. *G*~*D*~, *G*~*R*~, and *G*~*tri*~ are the ACFs of translational diffusion, rotational diffusion, and triplet state relaxation, respectively (see [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}):

where, *N* is the average number of molecules in the observation volume. *τ*~*D*~ is the relaxation time of translational diffusion. *s* is the structural parameter defined as the ratio of the radii of the longer axis to the shorter axis of the observation volume of this experimental setup. *f*~R~ and *f*~tri~ are the fractions of rotational diffusion and triplet state molecules with respect to the amplitude of the correlation function for translational diffusion *G*~D~(*τ*), respectively. *τ*~R~ and *τ*~T~ means the relaxation time of rotational diffusion and triplet state, respectively.

Hydrodynamic radius estimation
------------------------------

From the theory of FCS, the translational and rotational diffusion coefficients can be calculated as[@b5]

where *w* is the short (lateral) axis radius of the confocal region. [Equation 7](#eq10){ref-type="disp-formula"} shows that the rotational diffusion coefficient is directly obtained from the rotational diffusion time without the use of information about the measurement volume such as *w*. If the molecular shape is spherical, the following Einstein--Stokes equations should be satisfied:

From [Eqs 8](#eq10){ref-type="disp-formula"} and [9](#eq10){ref-type="disp-formula"}, the hydrodynamic radius can be obtained as

Measurement in cells
--------------------

Transiently transfected cells were prepared in 3.5-cm diameter glass bottom dishes (IWAKI, Japan). After transfection for 24 h, the medium was changed from a dulbecco modified eagle medium (Sigma-Aldrich, USA) to Opti-MEM (Invitrogen Life Technologies, Inc., Carlsbad, CA, USA). The dishes were covered using parafilm (Bemis Flexible Packaging, USA) to prevent medium leakage. The observation was performed using the inverted dish. A Xe lamp (Asahi spectra, Japan) was used as a light source to transmit light to the cells.
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![Results of rotational diffusion measurement of EGFPs.\
(**a**) Schematics of the experimental setup using pol-FCS. L~1~--L~5~: achromatic lenses, Pol: polarizer (polarized plate), Ex: excitation filter, DM: dichroic mirror, Obj: objective lens of a microscope, Em: emission filter, Ana: analyzer, BS: beam splitter, F~1,2~: multimode fibers. Right insets are the schematic optical system in (1) X-XX, (2) X-YY and (3) X-XY. Half-BS: polarization independent 50:50 beam splitter, Pol-BS: polarization dependent beam splitter. Inset table indicates the summary of relationship between the fraction of rotational diffusion and optical polarization. (**b**) The averaged and normalized CCFs of EGFPs under four optical conditions. All condition experiments were performed three times independently. Shaded area means the standard deviation. (**c**) Effect of glycerol concentration on the normalized CCFs of EGFPs in the PBS buffer. (**d**) The typical CCF of EGFPs in 60%/w glycerol. The optical conditions are X-XX, X-NN, and X-XY. (**e**) Relationship between the translational and rotational diffusion coefficients. The red line indicates the linear fitting. Measurements with durations of 30 s were repeated 10 times.](srep31091-f1){#f1}

![Rotational diffusion of EGFP tandem-oligomers.\
(**a**) Schematic sequences of the flexible-linker linked EGFP tandem-oligomer. The red arrow shows the flexible linker. Δ Met means the sequence with a lack of initial methionine. (**b**) The typical normalized CCFs of EGFP tandem-oligomers. Optical condition is X-XX. (**c--e**) Translational diffusion time, rotational diffusion time, and fraction of rotational diffusion of EGFP tandem-oligomers, respectively. (**f**) Result of *in silico* simulations of the correlation functions of EGFP tandem-oligomers. The inset figure indicates schematic models of EGFPs. Their transition dipole moments are indicated using black arrows. (**g**) Typical image of the COS-7 cell expressing monomer-EGFP. (**h,i**) Comparison between a cell and a lysate in terms of the translational diffusion time, rotational diffusion time, and fraction of rotational diffusion. The light green spots show the focal points of the pol-FCS measurements. All measurements were performed in X-XX. \*p \< 0.05, \*\*p \< 0.005 (Student's t-test values).](srep31091-f2){#f2}

###### Polarization configuration of pol-FCS.

  Optical condition    Polarizer^a^   Analyzer^b^   Beam Splitter^c^
  ------------------- -------------- ------------- ------------------
  X-XX                      X              X              NPBS
  X-YY                      X              Y              NPBS
  X-NN                      X          Not used           NPBS
  X-XY                      X          Not used           PBS

^a,b^Directions of the polarizer and analyzer of the optical system. ^c^Used beam splitter: nonpolarizing beam splitter (NPBS) or polarizing beam splitter (PBS). Split ratio of the NPBS was 50:50 regardless of the fluorescent light polarization. X and Y means the direction of each optical element: X-direction and Y-direction. N means nonpolarized. Thus, under X-NN condition, fluorescence was corrected as 50:50 regardless of the fluorophore polarization.
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